Trehazolin (1) Trehazolin (1) was isolated from a culture broth of Micromonospora sp. SANK 62192 by ANDO et al. as a potent trehalase inhibitor1-3). It has a unique pseudodisaccharide structure with N-glycosidic linkage between a glucose residue and an aminocyclitol derivative, trehalamine (2) . Trehalamine has a novel cyclopentanoid structure fused with an aminooxazoline ring4). The chemistry and biochemistry of 1 have been studied well5,6), but its biosynthesis has not been studied yet. A cyclopentanoid skeleton biosynthesized from carbohydrate is uncommon in natural products compared with a cyclohexanoid skeleton, but several important compounds with a cyclopentanoid skeleton to which a hydroxymethyl group is attached are known7). The cyclopentane rings of pactamycin8), bacteriohopane9), aristeromycin10) and allosamidin11) have been proved to be biosynthesized from glucose. In the formation of the cyclopentane ring of pactamycin, bacteriohopane and allosamidin, C-C bond formation occurs between C-5 and C-1 of glucose. On the other hand, C-C bond formation in the cyclopentane ring of aristeromycin occurs between C-2 and C-6 of glucose. The mechanism of formation of the cyclopentane ring in aristeromycin has been studied with specifically 3H-labeled glucoses.10) We have been studying the biosynthesis of allosamidin11) and recently reported the results of feeding experiments with specifically 2H-labeled glucosamines and glucoses to investigate the mechanism of the cyclopentane ring formation of allosamizoline (3), an aminocyclitol component of allosamidin12). While the structures of 2 and 3 resemble each other, there are some critical differences 1 R=H 1a R=Ac 2 3 4 R=H 4a R=Ac between them. Trehalamine has a nitrogen atom at C-1 to form an oxazoline ring, while 3 has a nitrogen atom at C-2 derived from a glucosamine molecule. A hydroxyl group is present at C-5 in 2, but not present at C-5 in 3. Therefore, the biosynthetic mechanism to form 2 may be very different from that to form 3. In this paper, we describe the elucidation of the origin of the carbon and nitrogen atoms of 1 by means of feeding experiments with 13C-and 15N-labeled precursors. The results of feeding experiments with a variety of specifically 2H-labeled glucoses to investigate the mechanism of the cyclopentane ring formation of 2 are also described. Micromonospora sp. SANK 62192 was used throughout this study. Strain SANK 62192 was cultivated in a 500-ml Erlenmeyer flask containing 100ml medium on a rotary shaker. We used a medium without glucose for incorporation experiments to avoid dilution of the labeled glucose. Production of trehazolin (1) (a) 1H NMR spectrum of natural 1a (500MHz, CDCl3).
( pentaacetate (4a) was prepared from labeled 1a by hydrolysis and acetylation and its NMR spectrum was measured. In the spectrum (Figure 3b) , two deuterium signals, whose chemical shifts correspond to those of the methylene protons on C-6 of 4a, were observed, indicating that both of the deuterium atoms on C-6 of glucose were not lost during the biosynthesis of the cyclopentane ring moiety. This was supported by ESI-MS analysis of the labeled 4a, in which mono-and di-labeled molecules increased by 0 and 2.9%, respectively.
In the feeding experiment with [2-2H]-D-glucose, no deuterium incorporation into 1 was detected at either C-2' or C-2. The 2H NMR spectra of labeled 4a and 4 derived from [1,2,3,4,5,6,6-2H7]-D-glucose (Figures 3c and 4b) showed clear deuterium incorporation at C-3 in addition to that at C-1 and C-6 of the cyclopentane ring moiety. Altogether, we could confirm that deuteriums on C-1, C-3, C-4 and C-6 of glucose were not lost during the formation of the cyclopentane ring moiety of 1 from the feeding experiments with the 2H-labeled glucoses we used.
Finally, incorporation experiment with [1-13C]-D-fructose was carried out. The 13C NMR spectrum of labeled 1 obtained showed enrichment at C-1 and C-1' (Table 1 ). In the spectrum, the 13C enrichment rate at C-1' was almost the same as that at C-1 similarly to the case of the labeled 1 derived from [1-13C]-D-glucose above-mentioned (Table 1) .
Discussion
The basic building blocks of 1 clarified in this study are summarized in Figure 5 . Two glucose molecules and an amidino group are the origin of the carbon and nitrogen atoms of 1. The origin of the dimethylaminooxazoline ring of allosamizoline (3) has been elucidated11). In the case of 3, however, a carbon atom and one of the two nitrogen atoms of the amidino group of arginine was incorporated into a quaternary carbon and the nitrogen atom of the dimethylamino group without cleavage of the C-N bond. Therefore, the biosynthesis of the aminooxazoline moiety of 1 is unique, in that the amidino group was incorporated intact into this unit. We have little information about the mechanism of the aminooxazoline ring formation of 1. Since deuterium was incorporated at C-1' in the feeding experiment with [1-2H]-D-glucose, the C-N bond at C-1' of 1 should be formed without loss of H-1 of glucose.
By analogy to the biosynthetic mechanisms of natural compounds with cyclohexane rings, we may presume that the cyclization to form the cyclopentane ring of 1 proceeds via a 4-keto or 6-aldehyde glucose derivative, or a fructose derivative (or their enol equivalents), which would undergo an aldol condensation of C-5 with C-1. Therefore, four In conclusion, we have clarified the biosynthetic origin of all the carbon and nitrogen atoms involved in 1 and ruled out pathway C among four possible pathways to form the cyclopentane ring of 1. Further work to clarify the mechanism of the cyclopentane ring formation in the biosynthesis of 1 is now in progress using a cell-free system.
Experimental
General Methods 13C NMR spectra were recorded at 125MHz on a JEOL standard. 1H and 2H NMR spectra were recorded at 500
MHz and 76.65MHz on a JEOL JMN-A500 spectrometer.
as a standard for D2O(H2O) and CDCl3(CHCl3) solutions, respectively. ESI mass spectra were recorded on a JEOL JMS-SX102 spectrometer. Glucose is used as a tentative substrate in the cyclization reaction. To prepare 1 from 1a, 20mg of 1 was dissolved in ethanolic 0.2M NaOH solution (2.2ml) and the reaction solution was stirred for 30 minites at room temperature. After adding water (25ml), pH of the solution was adjusted to 5, and the solution was applied to a column of Dowex ml), the column was eluted with 0.5M NH4OH. Eight mg of The labeled precursor was dissolved in water, and the solution was passed through a sterile Millipore filter before administration. The solution (1ml) was added to each 500-ml flask containing the medium (100ml). 
